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1. INTRODUCTION {#jsp21063-sec-0006}
===============

Intervertebral disc degeneration (DD) is a complex disease involving structural degradation of the normal, healthy matrix of the intervertebral disc. This matrix disruption is radiologically visualized by loss of disc height, an inhomogeneous structure of the disc, and the loss of distinction between nucleus pulposus and annulus fibrosus,[1](#jsp21063-bib-0001){ref-type="ref"}, [2](#jsp21063-bib-0002){ref-type="ref"}, [3](#jsp21063-bib-0003){ref-type="ref"}, [4](#jsp21063-bib-0004){ref-type="ref"} often resulting in physical complaints like low back pain and morning stiffness.[5](#jsp21063-bib-0005){ref-type="ref"}, [6](#jsp21063-bib-0006){ref-type="ref"}, [7](#jsp21063-bib-0007){ref-type="ref"} The exact pathophysiology of DD is not yet completely understood, but it often starts at a quite young age with an imbalance in the interplay of biomechanics, cell behavior, and extracellular matrix, ending up in a cascade of degeneration.[8](#jsp21063-bib-0008){ref-type="ref"}

Many initiating factors have been identified that can push the intervertebral disc into the vicious cycle of degeneration, such as mechanical overloading by heavy physical workload or systemic inflammatory disorders like diabetes,[9](#jsp21063-bib-0009){ref-type="ref"}, [10](#jsp21063-bib-0010){ref-type="ref"}, [11](#jsp21063-bib-0011){ref-type="ref"}, [12](#jsp21063-bib-0012){ref-type="ref"}, [13](#jsp21063-bib-0013){ref-type="ref"}, [14](#jsp21063-bib-0014){ref-type="ref"} but the factors that encourage this downward spiral are less addressed, nor is there an overview of these prognostic factors present in literature. A prognostic factor is a clinical or biological aspect that is objectively measurable and that provides information on the possible course of the condition in an untreated patient.[15](#jsp21063-bib-0015){ref-type="ref"} Insight in these prognostic factors in the progression of DD will help us to differentiate between the different spinal phenotypes: the multiple appearances of DD in which the genotype and environment of the patient have a different interaction. It will also provide patients with more targeted information about their prognosis, and will also streamline the crucial process of shared‐decision making, as no clear clinical algorithm is present for diagnosing or treating DD.

Currently, most patients with symptomatic DD (ie, degenerative disc disease) are put to pain medication and physical therapy, with spinal fusion as final option in end‐stage degeneration.[16](#jsp21063-bib-0016){ref-type="ref"}, [17](#jsp21063-bib-0017){ref-type="ref"}, [18](#jsp21063-bib-0018){ref-type="ref"} More recently, preclinical studies on intervertebral disc regeneration show promising results for restoring cell homeostasis in moderate DD,[19](#jsp21063-bib-0019){ref-type="ref"}, [20](#jsp21063-bib-0020){ref-type="ref"}, [21](#jsp21063-bib-0021){ref-type="ref"}, [22](#jsp21063-bib-0022){ref-type="ref"}, [23](#jsp21063-bib-0023){ref-type="ref"} with expected increase of in vivo testing of these therapies in patients.[24](#jsp21063-bib-0024){ref-type="ref"}, [25](#jsp21063-bib-0025){ref-type="ref"} It seems trivial that end‐stage degeneration is too late to interfere with regenerative therapies. Therefore, the patient most suited for regenerative therapies has early‐stage DD, with a high chance of deterioration in the near future. Therefore, the aim of this study was to identify and evaluate prognostic clinical, environmental and imaging factors that are associated with outcome, relative to baseline (ie, progression of DD), by a systematic review of the literature.

2. METHODS {#jsp21063-sec-0007}
==========

A review protocol was developed based on the Preferred Reporting Items for Systematic Reviews and Meta‐Analysis (PRISMA)‐statement ([www.prisma-statement.org](http://www.prisma-statement.org)).[26](#jsp21063-bib-0026){ref-type="ref"}

2.1. Literature search and selection of studies {#jsp21063-sec-0008}
-----------------------------------------------

The search strategy was developed with the consultation of an experienced health sciences librarian. PubMed, [Embase.com](http://embase.com), and Clarivate Analytics/Web of Science Core Collection were searched from inception up to 4 June 2018 (by C.M.E.R. and J.C.F.K.). The following terms were used (including synonyms and closely related words) as index terms or free‐text words: "intervertebral disc degeneration" and "epidemiologic studies" and "disease progression" or "prognosis". The full search strategies for all databases can be found in the [File S1](#jsp21063-supitem-0001){ref-type="supplementary-material"}. Duplicate articles were excluded. Manuscripts in English or German were accepted. Two investigators (C.M.E.R. and S.S.A.F.) screened all titles and abstracts for relevance independently from each other, using Covidence, an online screening tool for reviews by the Cochrane Collaboration ([www.covidence.org](http://www.covidence.org)). The in‐ and exclusion criteria were set prior to screening. Full‐text articles were included when (a) patients were diagnosed with DD on MRI at baseline, (b) progression of DD was measured at follow‐up ≥1 year after baseline, and (c) one or more prognostic factors in progression of DD was evaluated. Reviews, meta‐analyses, congress abstracts, animal studies, and case series were excluded. Then the references of included articles were checked for any possible additional articles. When there was no consensus on the inclusion of an article by both investigators, the full‐text was screened again and debated until consensus was reached. A third person (KSE) was available in case no consensus could be reached.

2.2. Data extraction {#jsp21063-sec-0009}
--------------------

A data‐extraction form was developed to obtain the following information: authors, year of publication, number of patients, gender, age, months of follow‐up, imaging modality, definition of DD, definition of progression, and researched prognostic factors, including their measurement methods, and statistical analyses method(s).

2.3. Quality assessment {#jsp21063-sec-0010}
-----------------------

The included studies were independently subjected to a quality assessment by two authors (C.R. and S.F.), based on criteria described by Hayden et al.[27](#jsp21063-bib-0027){ref-type="ref"} These criteria were developed to assess the methodological quality of prediction studies and include 13 items, distributed over six categories: (a) study participation, (b) study attrition, (c) measurement of prognostic factors, (d) adjustment for confounding, (e) measurement of outcomes, and (f) appropriateness of statistical analyses. When an item was sufficiently addressed, the category was scored as 1. Otherwise, 0 points were scored, so there was a maximum score of 13 points. A score of ≥9 was regarded as a high‐quality study, and studies with a score of \<9 were considered as low‐quality studies. The same approach of quality assessment has been applied in studies evaluating prognostic factors in knee and hip arthritis.[28](#jsp21063-bib-0028){ref-type="ref"}, [29](#jsp21063-bib-0029){ref-type="ref"} In case of disagreement, points were discussed until consensus was reached. Cohen\'s kappa statistic for inter‐observer agreement[30](#jsp21063-bib-0030){ref-type="ref"} was calculated using IBM [spss]{.smallcaps} Statistics for Macintosh, Version 25.0. Armonk, New York: IBM Corp.

2.4. Best‐evidence‐synthesis {#jsp21063-sec-0011}
----------------------------

Correlation coefficients of prognostic factors were statistically pooled if there was sufficient clinical and statistical homogeneity regarding the definition of DD, progression of DD, study population, and measurement methods of outcomes. In the absence of statistical analysis (correlation or beta coefficients) and heterogeneity in definition, measurement methods, and study design, the strength of evidence for prognostic factors was assessed according to a best‐evidence synthesis. This method was introduced by Bastick, based on recommendations by of the Cochrane back review group,[28](#jsp21063-bib-0028){ref-type="ref"}, [31](#jsp21063-bib-0031){ref-type="ref"} and is considered to be the golden standard for conducting analyses in heterogenic studies. Prognostic factors were categorized as follows:Strong evidence: consistent \[\>75%\] findings in multiple (≥2) high‐quality studiesModerate evidence: findings in one high‐quality study and consistent \[\>75%\] findings in multiple (≥2) low‐quality studiesLimited evidence: findings in one high‐quality study or consistent \[\>75%\] findings in ≥3 low‐quality studiesInconclusive evidence: findings found in \<3 low‐quality studiesConflicting evidence: \<75% of the studies reported consistent findings

3. RESULTS {#jsp21063-sec-0012}
==========

3.1. Studies included {#jsp21063-sec-0013}
---------------------

The literature search generated a total of 4261 studies. After the removal of duplicates, we screened the titles and abstracts of 3165 studies. Of these, we identified a total of 16 studies that met our inclusion criteria (Figure [1](#jsp21063-fig-0001){ref-type="fig"}). There was a large variation in sample size (range: 19‐617), with a total of 2434 patients, and the mean age varied between 13.1 and 65.4 years old. There was a large variety in the determination of DD and progression, but all included studies used MRI as imaging modality both at baseline and during follow‐up. Some studies assessed DD and progression based on Pfirrmann\'s method,[32](#jsp21063-bib-0032){ref-type="ref"}, [33](#jsp21063-bib-0033){ref-type="ref"}, [34](#jsp21063-bib-0034){ref-type="ref"}, [35](#jsp21063-bib-0035){ref-type="ref"}, [36](#jsp21063-bib-0036){ref-type="ref"}, [37](#jsp21063-bib-0037){ref-type="ref"} others used the Schneiderman\'s classification[38](#jsp21063-bib-0038){ref-type="ref"} or the Pearce classification,[39](#jsp21063-bib-0039){ref-type="ref"} or they developed their own method of DD and progression determination.[40](#jsp21063-bib-0040){ref-type="ref"}, [41](#jsp21063-bib-0041){ref-type="ref"}, [42](#jsp21063-bib-0042){ref-type="ref"}, [43](#jsp21063-bib-0043){ref-type="ref"}, [44](#jsp21063-bib-0044){ref-type="ref"}, [45](#jsp21063-bib-0045){ref-type="ref"}, [46](#jsp21063-bib-0046){ref-type="ref"}, [47](#jsp21063-bib-0047){ref-type="ref"} Study characteristics can be found in Table [1](#jsp21063-tbl-0001){ref-type="table"}.

![PRISMA flowchart](JSP2-2-e1063-g001){#jsp21063-fig-0001}

###### 

Study characteristics

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Author, year                                                          Study design                       No. of patients (n men)                         Age of total group in years, mean (range)          Months of follow‐up, mean (range)                                   Imaging modality at baseline   Imaging modality at follow‐up   Definition of DD                                                                                                                                                                                                                                                  Definition of progression
  --------------------------------------------------------------------- ---------------------------------- ----------------------------------------------- -------------------------------------------------- ------------------------------------------------------------------- ------------------------------ ------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Burnett et al, 1996[45](#jsp21063-bib-0045){ref-type="ref"}           Cohort study                       19 (19)                                         13.6, SD 0.6 at baseline; 16.3, SD 0.6 at FU       32.4                                                                MRI                            MRI                             Loss of disc space with any evidence of collapse, no smooth borders of both AF and NP, any evidence of disc herniation, no clear white signal of the disc                                                                                                         Evidence of progression from baseline to follow‐up

  Elfering et al, 2002[39](#jsp21063-bib-0039){ref-type="ref"}          Prospective cohort study           41 (30)                                         35.90 (20‐50)                                      62 (54‐72)                                                          MRI                            MRI                             Pearce classification[a](#jsp21063-note-0002){ref-type="fn"}.\                                                                                                                                                                                                    Changes with regard to disc abnormalities (ie, same, better, worse)
                                                                                                                                                                                                                                                                                                                                                 Grade III to V are attributed to degeneration                                                                                                                                                                                                                     

  Eskola et al, 2012[46](#jsp21063-bib-0046){ref-type="ref"}            Cohort study                       166 (74)                                        13.1, SD 0.4 at baseline; 15.7, SD 0.3 at FU       32.4 (26.4‐37.2)                                                    MRI                            MRI                             Signal intensity changes (0‐3; 2 or 3 for DD), or change in disc contour (0‐4; 1‐4 for DD) at one or more levels                                                                                                                                                  Worsened or new decrease in disc signal intensity, new disc bulge or herniation, new endplate change, or new Modic change at ≥1 lumbar levels, compared to baseline. Significant new annular tears (AT) and significant high intensity zone lesions (HIZ)

  Farshad‐Amacker et al, 2014[32](#jsp21063-bib-0032){ref-type="ref"}   Case‐control study                 90[b](#jsp21063-note-0003){ref-type="fn"}       59.4                                               59.4; SD 10.2                                                       MRI                            MRI                             Pfirrmann; ≥ grade 3                                                                                                                                                                                                                                              Increase in Pfirrmann grade

  Farshad‐Amacker et al, 2014[33](#jsp21063-bib-0033){ref-type="ref"}   Retrospective cohort study         90 (27)                                         61.3                                               Median 60, range 45.6‐80.4[c](#jsp21063-note-0004){ref-type="fn"}   MRI                            MRI                             Pfirrmann                                                                                                                                                                                                                                                         Increase in Pfirrmann grade in any level for DD

  Farshad‐Amacker et al, 2017[34](#jsp21063-bib-0034){ref-type="ref"}   Case‐control study                 90 (27)                                         61.1                                               60; SD 0.8                                                          MRI                            MRI                             Pfirrmann                                                                                                                                                                                                                                                         Increase in Pfirrmann grade from 1 towards 5 on the same level during the period of observation

  Kerttula et al, 2012[47](#jsp21063-bib-0047){ref-type="ref"}          Cohort study                       54 (9)                                          43.6 (24‐65)                                       12 (11‐18)                                                          MRI                            MRI                             Endplate lesions, loss of disc height, and decrease in signal intensity, posterior bulge                                                                                                                                                                          Increase of endplate lesions, decrease of disc height and change in disc signal intensity, increase in posterior bulge

  Liuke et al, 2005[40](#jsp21063-bib-0040){ref-type="ref"}             Retrospective longitudinal study   129 (129)                                       44 (41‐46)                                         48                                                                  MRI                            MRI                             Decreased signal intensity of NP compared to signal intensity of the cerebrospinal fluid                                                                                                                                                                          4‐y changes in the number of discs with decreased signal intensity of the NP

  Makino et al, 2017[38](#jsp21063-bib-0038){ref-type="ref"}            Prospective cohort study           84 (0)[d](#jsp21063-note-0005){ref-type="fn"}   First MRI: 20.9 (20‐22); Second MRI 30.6 (28‐35)   117.6 (84‐168)                                                      MRI                            MRI                             Schneiderman\'s four‐grade classification; summation of the degeneration grades of all disc levels, with five at the minimum                                                                                                                                      Worsening of Schneiderman\'s grade

  Nagashima et al, 2013[41](#jsp21063-bib-0041){ref-type="ref"}         Cohort study                       192 (192)                                       15 at baseline, 17 at FU                           24                                                                  MRI                            MRI                             Decreased signal intensity of NP compared to signal intensity of the cerebrospinal fluid; mean signal intensity of six discs from T12L1 to L5S1                                                                                                                   Decrease in mean signal intensity of the NP at the 2‐y follow‐up

  Sharma, 2009[36](#jsp21063-bib-0036){ref-type="ref"}                  Retrospective longitudinal study   46 (13)                                         53.6 (20‐88)                                       31.8 (4‐69)[e](#jsp21063-note-0006){ref-type="fn"}                  MRI                            MRI                             Loss of signal intensity, Pfirrmann                                                                                                                                                                                                                               Increase in signal‐intensity grade, increase in Pfirrmann grade

  Sharma et al, 2011[37](#jsp21063-bib-0037){ref-type="ref"}            Retrospective longitudinal study   63 (23)                                         30; SD 6.7                                         30 (3‐85)[f](#jsp21063-note-0007){ref-type="fn"}                    MRI                            MRI                             Pfirrmann (\>2), conspicuity of AF                                                                                                                                                                                                                                Increase in Pfirrmann, increase in conspicuity of AF

  Teraguchi et al, 2017[35](#jsp21063-bib-0035){ref-type="ref"}         Cohort study                       617 (178)                                       65.4 at FU; SD 12                                  48                                                                  MRI                            MRI                             Pfirrmann; ≥ 4                                                                                                                                                                                                                                                    At least one disc showed an increase in Pfirrmann grade, regardless of the grade at baselineIf all discs had score of grade ≤3 at baseline, at least 1 disc progressed to ≥4

  Videman et al, 2006[43](#jsp21063-bib-0043){ref-type="ref"}           Cohort study                       140 (140)                                       49 (35‐69)                                         57.6 (48‐68.4)                                                      MRI                            MRI                             Signs of disc height narrowing, disc bulging, disc herniations, high intensity zones, osteophytes, upper endplate irregularities and fatty degeneration of vertebrae, annular tears, disc herniations. Each sign was rated from 0 (normal) to 3 (most abnormal)   Progression in degenerative signs

  Videman et al, 2008[42](#jsp21063-bib-0042){ref-type="ref"}           Longitudinal study                 134 (134)                                       49 (35‐69)                                         57.6 (48‐68.4)                                                      MRI                            MRI                             Quantitative measures of disc height and bulging                                                                                                                                                                                                                  Changes in percentage of the baseline value for each quantitative measure

  Williams et al, 2011[44](#jsp21063-bib-0044){ref-type="ref"}          Cohort study                       468 (24)                                        53.6 (40.1‐68.7) at baseline                       128.4 (91.2‐164.4)                                                  MRI                            MRI                             Progressive scale of 0‐3 for disc height measured in the middle of the disc, disc signal intensity within the NP, lumbar disc extension posteriorly into the spinal canal and anterior osteophytes. 0 = normal; 3 = highly degenerate disc                        Subtraction of the baseline score from the FU score, adjusted for the time interval between the two MRI scans
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Abbreviations: AF, annulus fibrosus; DD, disc degeneration; FU, follow‐up; NP, nucleus pulposus.

Classification based on the structure of the disc, the distinction between NP and AF, signal intensity, and disc height.

Seventy‐two discs in total, of which 34 discs were male.

Of those with progression, the control group is described separately.

Disc progression in 44 subjects.

There was a follow‐up of \>1 year in 40 subjects.

There was a follow‐up of \>6 months in 90%, and a follow‐up of \>12 months in 76.2%.

3.2. Methodological quality {#jsp21063-sec-0014}
---------------------------

The Cohen\'s kappa statistic for inter‐observer agreement was 0.75, representing good agreement.[30](#jsp21063-bib-0030){ref-type="ref"} Of the 16 studies included, 12 studies had a score of 9 points or more and were classified as high quality. Most methodological shortcomings concern lack of adequate blinding (item H and J). An overview is presented in Table [2](#jsp21063-tbl-0002){ref-type="table"}.

###### 

Quality assessment

  Author, year                                                               Total score   A   B                                          C                                          D   E                                          F                                          G                                          H   I   J   K   L   M
  -------------------------------------------------------------------------- ------------- --- ------------------------------------------ ------------------------------------------ --- ------------------------------------------ ------------------------------------------ ------------------------------------------ --- --- --- --- --- ---
  Burnett et al, 1996[45](#jsp21063-bib-0045){ref-type="ref"}                9             1   0[a](#jsp21063-note-0008){ref-type="fn"}   1                                          1   1                                          1                                          1                                          1   1   1   0   0   0
  Elfering et al, 2002[39](#jsp21063-bib-0039){ref-type="ref"}               10            1   1                                          1                                          1   1                                          1                                          0                                          0   1   0   1   1   1
  Eskola et al, 2012[46](#jsp21063-bib-0046){ref-type="ref"}                 12            1   1                                          1                                          1   1[a](#jsp21063-note-0008){ref-type="fn"}   0                                          1                                          1   1   1   1   1   1
  Farshad‐Amacker et al, 2014 (AT)[32](#jsp21063-bib-0032){ref-type="ref"}   8             1   0[a](#jsp21063-note-0008){ref-type="fn"}   1                                          1   0[a](#jsp21063-note-0008){ref-type="fn"}   1                                          0                                          0   1   0   1   1   1
  Farshad‐Amacker et al, 2014[33](#jsp21063-bib-0033){ref-type="ref"}        7             1   0[a](#jsp21063-note-0008){ref-type="fn"}   0[a](#jsp21063-note-0008){ref-type="fn"}   1   0[a](#jsp21063-note-0008){ref-type="fn"}   1                                          0                                          0   1   0   1   1   1
  Farshad‐Amacker et al, 2017[34](#jsp21063-bib-0034){ref-type="ref"}        8             1   0[a](#jsp21063-note-0008){ref-type="fn"}   1                                          1   0[a](#jsp21063-note-0008){ref-type="fn"}   1                                          0                                          0   1   0   1   1   1
  Kerttula et al, 2012[47](#jsp21063-bib-0047){ref-type="ref"}               9             1   1                                          1                                          1   1                                          1                                          0                                          1   1   0   1   0   0
  Liuke et al, 2005[40](#jsp21063-bib-0040){ref-type="ref"}                  12            1   1                                          1                                          1   1                                          0                                          1                                          1   1   1   1   1   1
  Makino et al, 2017[38](#jsp21063-bib-0038){ref-type="ref"}                 9             1   1                                          1                                          1   1                                          0                                          1                                          0   1   0   1   1   0
  Nagashima et al, 2013[41](#jsp21063-bib-0041){ref-type="ref"}              7             1   1                                          0[a](#jsp21063-note-0008){ref-type="fn"}   1   0[a](#jsp21063-note-0008){ref-type="fn"}   0                                          0[a](#jsp21063-note-0008){ref-type="fn"}   0   1   0   1   1   1
  Sharma et al, 2009[36](#jsp21063-bib-0036){ref-type="ref"}                 9             1   1                                          1                                          1   0[a](#jsp21063-note-0008){ref-type="fn"}   1                                          1                                          1   1   0   1   0   0
  Sharma et al, 2011[37](#jsp21063-bib-0037){ref-type="ref"}                 10            1   1                                          1                                          1   0[a](#jsp21063-note-0008){ref-type="fn"}   1                                          0[a](#jsp21063-note-0008){ref-type="fn"}   1   1   0   1   1   1
  Teraguchi et al, 2017[35](#jsp21063-bib-0035){ref-type="ref"}              12            1   1                                          1                                          1   1                                          0                                          1                                          1   1   1   1   1   1
  Videman et al, 2006[43](#jsp21063-bib-0043){ref-type="ref"}                10            1   1                                          1                                          1   1                                          0[a](#jsp21063-note-0008){ref-type="fn"}   0                                          1   1   1   1   1   0
  Videman et al, 2008[42](#jsp21063-bib-0042){ref-type="ref"}                10            1   1                                          1                                          1   1                                          0[a](#jsp21063-note-0008){ref-type="fn"}   0                                          1   1   1   1   0   1
  Williams et al, 2011[44](#jsp21063-bib-0044){ref-type="ref"}               10            1   0[a](#jsp21063-note-0008){ref-type="fn"}   1                                          1   1                                          0                                          0                                          1   1   1   1   1   1

The item for which there was interobserver disagreement. Kappa = 0.75. The criteria were as follows, with 1 point for "yes" and 0 points for "no"; A: Clear description of study population; B: Valid in‐ and exclusion criteria; C: Sufficient description of baseline characteristics; D: Follow‐up of ≥4 years; E: Prospective data collection; F: Loss to follow‐up ≤15%; G: Information provided about loss of follow‐up; H: Exposure assessment blinded for the outcome; I: Exposure measured identically at baseline and follow‐up; J: Outcome assessment blinded for exposure; K: Outcome measured identically at baseline and follow‐up; L: Measure of association or variance given; M: Adjustment for confounding variables.

3.3. Identified prognostic factors {#jsp21063-sec-0015}
----------------------------------

We identified 12 imaging and 23 clinical and environmental prognostic factors. A full overview of the prognostic factors, their measurement methods and association with DD progression is presented in Tables [3](#jsp21063-tbl-0003){ref-type="table"} and [4](#jsp21063-tbl-0004){ref-type="table"}. Only 12 studies include or report a correlation analysis of the prognostic factor\'s association with DD progression. Due to the lack of studies with sufficient statistical analysis and due to large heterogeneity between studies in measurement methods, including a high variation in DD and progression definitions, statistical pooling of the results was not possible. Consequently, it was necessary to summarize each prognostic factor according to a best‐evidence synthesis to determine the strength of association with DD progression.

###### 

Clinical/environmental determinants as prognostic factors for progression in DD

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Clinical or environmental determinant                                  Author, year                                                    Study quality                                                                Measurement method                                                                             Study population                                                                                                                                Reported effect sizes                                                                                                                                                                                                               Statistics                                       Association with DD progression
  ---------------------------------------------------------------------- --------------------------------------------------------------- ---------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------ ----------------------------------------------
  Age                                                                    Elfering et al, 2002[39](#jsp21063-bib-0039){ref-type="ref"}    High                                                                         Continuous (in years)                                                                          Asymptomatic individuals at baseline and ≥5 y FU                                                                                                Mean age 36.71, SD 7.82 with progression compared to mean age 35.08, SD 7.83 without progression                                                                                                                                    *P* \> .05                                       [a](#jsp21063-note-0010){ref-type="fn"}

  Farshad‐Amacker et al, 2014 [32](#jsp21063-bib-0032){ref-type="ref"}   Low                                                             Continuous (in years)                                                        Patients with an MRI at baseline and 4 y FU                                                    Mean age 60.3, SD 14.1 with progression compared to mean age 62.2, SD 17.3 without progression                                                  *P* = .56                                                                                                                                                                                                                           [a](#jsp21063-note-0010){ref-type="fn"}          

  Makino et al, 2017[38](#jsp21063-bib-0038){ref-type="ref"}             High                                                            Continuous (in years)                                                        Nursing students with an MRI at baseline and 9.8 y FU when working as a nurse                  Mean age 30.3 with progression compared to mean age 30.8 without progression                                                                    *P* \> .05                                                                                                                                                                                                                          [a](#jsp21063-note-0010){ref-type="fn"}          

  Teraguchi et al 2017[35](#jsp21063-bib-0035){ref-type="ref"}           High                                                            Continuous (in years)                                                        Volunteers from the coastal region of Wakayama with an MRI at baseline and 4 y FU              Not reported                                                                                                                                    *P* \> .05; OR 1.01; CI 0.99‐1.02                                                                                                                                                                                                   [a](#jsp21063-note-0010){ref-type="fn"}          

  Sharma et al, 2011[37](#jsp21063-bib-0037){ref-type="ref"}             High                                                            Continuous (in years)                                                        Patients with a MRI of the lumbar spine at baseline and FU                                     Sum of squares 0.068933; *F* ratio 0.3246                                                                                                       *P* = .5692                                                                                                                                                                                                                         [a](#jsp21063-note-0010){ref-type="fn"}          

  Williams et al, 2011[44](#jsp21063-bib-0044){ref-type="ref"}           High                                                            Continuous (in years)                                                        Twin pairs from the UK and Australia at baseline and 10 y FU                                   Disc degeneration summary score of 71 in age at baseline \<50 compared to disc degeneration summary score of 50 in age at baseline \>60         Not provided                                                                                                                                                                                                                        [a](#jsp21063-note-0010){ref-type="fn"}          

  Gender                                                                 Elfering et al, 2002[39](#jsp21063-bib-0039){ref-type="ref"}    High                                                                         Male vs female                                                                                 Asymptomatic individuals at baseline and ≥ 5 y FU                                                                                               Male 26.8%, female 14.6% with progression compared to male 46.3%, female 12.2% without progression                                                                                                                                  *P* \> .05                                       [a](#jsp21063-note-0010){ref-type="fn"}

  Farshad‐Amacker et al, 2014[33](#jsp21063-bib-0033){ref-type="ref"}    Low                                                             Male vs female                                                               Patients with an MRI at baseline and 4 y FU                                                    Thirty‐nine women and 17 men with progression compared to 24 women and 10 men without progression                                               *P* = .92                                                                                                                                                                                                                           [a](#jsp21063-note-0010){ref-type="fn"}          

  Sharma et al, 2011[37](#jsp21063-bib-0037){ref-type="ref"}             High                                                            Male vs female                                                               Patients with a MRI of the lumbar spine at baseline and FU                                     Sum of squares 0.000717; *F* ratio 0.0034                                                                                                       *P* = .9537                                                                                                                                                                                                                         [a](#jsp21063-note-0010){ref-type="fn"}          

  Teraguchi et al, 2017[35](#jsp21063-bib-0035){ref-type="ref"}          High                                                            Male vs female                                                               Volunteers from the coastal region of Wakayama with an MRI at baseline and 4 y FU              Two hundred and sixty‐five women compared to 92 men                                                                                             *P* \< .05; OR 1.68; CI 1.18‐2.42                                                                                                                                                                                                   [b](#jsp21063-note-0011){ref-type="fn"}          

  Body weight                                                            Videman et al, 2008[42](#jsp21063-bib-0042){ref-type="ref"}     High                                                                         Continuous (kg)                                                                                Male monozygotic Finnish twins at baseline and 5 y FU                                                                                           Mean weight 79.4 kg at follow‐up compared to mean weight 79.0 at baseline                                                                                                                                                           Not provided                                     [a](#jsp21063-note-0010){ref-type="fn"}

  Videman et al, 2006[43](#jsp21063-bib-0043){ref-type="ref"}            High                                                            Continuous (kg)                                                              Male monozygotic Finnish twins at baseline and 5 y FU                                          Mean weight 79.4 kg at follow‐up compared to mean weight 79.0 at baseline                                                                       Not provided                                                                                                                                                                                                                        [a](#jsp21063-note-0010){ref-type="fn"}          

  BMI                                                                    Elfering et al, 2002[39](#jsp21063-bib-0039){ref-type="ref"}    High                                                                         Continuous (mean kg/m^2^)                                                                      Asymptomatic individuals at baseline and ≥ 5 y FU                                                                                               Mean 23.61, SD 2.89 with progression compared to mean 23.19, SD 3.50 without progression                                                                                                                                            *P* \> .05                                       [a](#jsp21063-note-0010){ref-type="fn"}

  Farshad‐Amacker et al, 2014[32](#jsp21063-bib-0032){ref-type="ref"}    Low                                                             Continuous (mean kg/m^2^)                                                    Patients with an MRI at baseline and 4 y FU                                                    Mean 27.1, SD 4.9 with progression compared to mean 26.7, SD 5.3 without progression                                                            *P* = .78                                                                                                                                                                                                                           [a](#jsp21063-note-0010){ref-type="fn"}          

  Makino et al, 2017[38](#jsp21063-bib-0038){ref-type="ref"}             High                                                            Continuous (mean kg/m^2^)                                                    Nursing students with an MRI at baseline and 9.8 y FU when working as a nurse                  Mean BMI 20.5 for subjects with progression compared to mean BMI 20.0 without progression                                                       *P* \> .05                                                                                                                                                                                                                          [a](#jsp21063-note-0010){ref-type="fn"}          

  Williams et al, 2011[44](#jsp21063-bib-0044){ref-type="ref"}           High                                                            Continuous (mean kg/m^2^)                                                    Twin pairs from the UK and Australia at baseline and 10 y FU                                   Not reported                                                                                                                                    Not provided                                                                                                                                                                                                                        [a](#jsp21063-note-0010){ref-type="fn"}          

  Overweight                                                             Liuke et al, 2005[40](#jsp21063-bib-0040){ref-type="ref"}       High                                                                         BMI ≥ 25 kg/m^2^                                                                               Working middle‐aged men repressing three occupations: machine drivers, construction carpenters, and office workers                              Not reported                                                                                                                                                                                                                        OR 4.3; CI 1.3‐14.3                              [b](#jsp21063-note-0011){ref-type="fn"}

  Nagashima et al, 2013[41](#jsp21063-bib-0041){ref-type="ref"}          Low                                                             BMI ≥ 25 kg/m^2^                                                             High school American Football players with an MRI at baseline and 2 y of FU                    Not reported                                                                                                                                    *P* = .449; PRC 1.12; CI −1.79‐4.02                                                                                                                                                                                                 [a](#jsp21063-note-0010){ref-type="fn"}          

  Obesity                                                                Teraguchi et al, 2017[35](#jsp21063-bib-0035){ref-type="ref"}   High                                                                         BMI ≥ 25 kg/m^2^                                                                               Volunteers from the coastal region of Wakayama with an MRI at baseline and 4 y FU                                                               One hundred and eighteen subjects with BMI ≥ 25 kg compared to 239 subjects with BMI \< 25                                                                                                                                          *P* \> .05; OR 1.31; CI 0.92‐1.86                [a](#jsp21063-note-0010){ref-type="fn"}

  Heritability                                                           Williams et al, 2011[44](#jsp21063-bib-0044){ref-type="ref"}    High                                                                         Monozygotic vs Dizygotic same‐sex twin pairs                                                   Twin pairs from the UK and Australia at baseline and 10 y FU                                                                                    Mean summary lumbar score of 13.84 in monozygotic twins compared to 12.41 in dizygotic twins                                                                                                                                        *P* = .02                                        [b](#jsp21063-note-0011){ref-type="fn"}

  Genetic risk factors                                                   Eskola et al, 2012[46](#jsp21063-bib-0046){ref-type="ref"}      High                                                                         Previously identified candidate SNPs in adolescents\                                           Danish adolescent population at baseline and 3 y FU                                                                                             Not reported                                                                                                                                                                                                                        1\. *P* = .037; OR 2.45; CI 1.03‐5.82\           1\. [b](#jsp21063-note-0011){ref-type="fn"}\
                                                                                                                                                                                                                      1: T‐allele IL1A rs1800587 female\                                                                                                                                                                                                                                                                                                                                                                                                                                                 2. *P* = .024; OR 0.32; CI 0.12‐0.88             2. [c](#jsp21063-note-0012){ref-type="fn"}
                                                                                                                                                                                                                      2: IL6 rs1800795 genotype G/C male                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  

  Pregnancy                                                              Makino et al, 2017[38](#jsp21063-bib-0038){ref-type="ref"}      High                                                                         Experience of pregnancy                                                                        Nursing students with an MRI at baseline and 9.8 y FU when working as a nurse                                                                   21.7% with progression compared to 25% without progression                                                                                                                                                                          *P* = .86; RR 1.06; CI 0.58‐1.92                 [a](#jsp21063-note-0010){ref-type="fn"}

  Diabetes mellitus                                                      Teraguchi et al, 2017[35](#jsp21063-bib-0035){ref-type="ref"}   High                                                                         Serum HbA1c level ≥ 6.1%                                                                       Volunteers from the coastal region of Wakayama with an MRI at baseline and 4 y FU                                                               Thirty‐four subjects with DM compared to 323 subjects without DM                                                                                                                                                                    *P* \> .05; OR 1.59; CI 0.87‐3.01                [a](#jsp21063-note-0010){ref-type="fn"}

  Hypertension                                                           Teraguchi et al, 2017[35](#jsp21063-bib-0035){ref-type="ref"}   High                                                                         SBP ≥ 130 mmHg and/or DBP ≥ 85 mmHg                                                            Volunteers from the coastal region of Wakayama with an MRI at baseline and 4 y FU                                                               Two hundred and forty‐six subjects with hypertension compared to 100 subjects without hypertension                                                                                                                                  *P* \> .05; OR 0.98; CI 0.68‐1.82                [a](#jsp21063-note-0010){ref-type="fn"}

  Back injuries                                                          Liuke et al, 2005[40](#jsp21063-bib-0040){ref-type="ref"}       High                                                                         History of accidental back injuries before baseline                                            Working middle‐aged men represting three occupations: machine drivers, construction carpenters, and office workers                              Not reported                                                                                                                                                                                                                        OR 1.2; CI 0.5‐2.8                               [a](#jsp21063-note-0010){ref-type="fn"}

  Smoking                                                                Liuke et al, 2005[40](#jsp21063-bib-0040){ref-type="ref"}       High                                                                         Smoking status at baseline                                                                     Working middle‐aged men represting three occupations: machine drivers, construction carpenters, and office workers                              Not reported                                                                                                                                                                                                                        OR 0.6; CI 0.8‐1.4                               [a](#jsp21063-note-0010){ref-type="fn"}

  Makino et al, 2017[38](#jsp21063-bib-0038){ref-type="ref"}             High                                                            Smoking ≥1 year                                                              Nursing students with an MRI at baseline and 9.8 y FU when working as a nurse                  About 4.3% with progression compared to 3.8% without progression                                                                                *P* = .74; RR 0.77; CI 0.15‐3.92                                                                                                                                                                                                    [a](#jsp21063-note-0010){ref-type="fn"}          

  Teraguchi et al, 2017[35](#jsp21063-bib-0035){ref-type="ref"}          High                                                            Regularly smoking \>1 per month                                              Volunteers from the coastal region of Wakayama with an MRI at baseline and 4 y FU              Thirty‐three smoking subjects compared to 323 non‐smoking subjects                                                                              *P* \> .05; OR 0.65; CI 0.39‐1.08                                                                                                                                                                                                   [a](#jsp21063-note-0010){ref-type="fn"}          

  Videman et al, 2008[42](#jsp21063-bib-0042){ref-type="ref"}            High                                                            Current and lifetime cigarette smoking                                       Male monozygotic Finnish twins at baseline and 5 y FU                                          Mean packs per day of 0.3 at follow‐up compared to 0.2 at baseline; 16.1 packs per year at baseline                                             *P* = .018                                                                                                                                                                                                                          [b](#jsp21063-note-0011){ref-type="fn"}          

  Videman et al, 2006[43](#jsp21063-bib-0043){ref-type="ref"}            High                                                            Current and lifetime cigarette smoking                                       Male monozygotic Finnish twins at baseline and 5 y FU                                          Mean packs per day of 0.3 at follow‐up compared to 0.2 at baseline; 16.1 packs per year at baseline                                             Not provided                                                                                                                                                                                                                        [a](#jsp21063-note-0010){ref-type="fn"}          

  Car driving                                                            Liuke et al, 2005[40](#jsp21063-bib-0040){ref-type="ref"}       High                                                                         \>15 000 km/y car driving before baseline                                                      Working middle‐aged men represting three occupations: machine drivers, construction carpenters, and office workers                              Not reported                                                                                                                                                                                                                        OR 1.2; CI 0.6‐2.2                               [a](#jsp21063-note-0010){ref-type="fn"}

  Videman et al, 2006[43](#jsp21063-bib-0043){ref-type="ref"}            High                                                            Occupational driving (hours/day)                                             Male monozygotic Finnish twins at baseline and 5 y FU                                          Mean 1.2 at follow‐up compared to 1.2 at baseline                                                                                               Not provided                                                                                                                                                                                                                        [a](#jsp21063-note-0010){ref-type="fn"}          

  Teraguchi et al, 2017[35](#jsp21063-bib-0035){ref-type="ref"}          High                                                            Driving for ≥ 6 h/d                                                          Volunteers from the coastal region of Wakayama with an MRI at baseline and 4 y FU              Forty‐five driving subjects compared to 305 non‐driving subjects                                                                                *P* \> .05; OR 1.10; CI 0.68‐1.82                                                                                                                                                                                                   [a](#jsp21063-note-0010){ref-type="fn"}          

  Occupation                                                             Liuke et al, 2005[40](#jsp21063-bib-0040){ref-type="ref"}       High                                                                         1\. Construction carpenter, 2. Machine operator, or\                                           Working middle‐aged men represting three occupations: machine drivers, construction carpenters, and office workers                              Not reported                                                                                                                                                                                                                        1\. OR 1.8; CI 0.7‐4.9; 2. OR 1.3; CI 0.5‐3.2\   [a](#jsp21063-note-0010){ref-type="fn"}
                                                                                                                                                                                                                      3. Office worker                                                                                                                                                                                                                                                                                                                                                                                                                                                                   3. ‐                                             

  Makino et al, 2017[38](#jsp21063-bib-0038){ref-type="ref"}             High                                                            Years of working as a nurse                                                  Nursing students with an MRI at baseline and 9.8 years FU when working as a nurse              Mean 5.8 years in subjects with progression compared to mean 5.9 years in subjects without progression                                          *P* = .36; RR 1.30; CI 0.73‐2.30                                                                                                                                                                                                    [a](#jsp21063-note-0010){ref-type="fn"}          

  Work schedule                                                          Elfering et al, 2002[39](#jsp21063-bib-0039){ref-type="ref"}    High                                                                         Working evening/night shifts                                                                   Asymptomatic individuals at baseline and ≥5 y FU                                                                                                Yes 29.3%, No 12.2% with progression compared to Yes 56.1%, No 2.4% without progression                                                                                                                                             *P* \< .05; OR 23.01; CI 1.26‐421.31             [b](#jsp21063-note-0011){ref-type="fn"}

  Working style                                                          Makino et al, 2017[38](#jsp21063-bib-0038){ref-type="ref"}      High                                                                         Major working style for \>half of their carrier                                                Nursing students with an MRI at baseline and 9.8 y FU when working as a nurse                                                                   About 65% ward, operation room or intensive care unit and 35% clinic or others for subjects with progression compared to 59.2% ward, operation room or intensive care and 40.8% clinic or others for subjects without progression   *P* = .41; RR 0.79; CI 0.46‐1.37                 [a](#jsp21063-note-0010){ref-type="fn"}

  Weight lifted at work                                                  Videman et al, 2008[42](#jsp21063-bib-0042){ref-type="ref"}     High                                                                         Maximum weight lifted at work (kg)                                                             Male monozygotic Finnish twins at baseline and 5 y FU                                                                                           AR^2^ = 4.9%                                                                                                                                                                                                                        *P* = .0082                                      [b](#jsp21063-note-0011){ref-type="fn"}

  Sports activities                                                      Elfering et al, 2002[39](#jsp21063-bib-0039){ref-type="ref"}    High                                                                         Frequency of sports activities, from 1 (ie, no sports) to 4 (ie, regular competitive sports)   Asymptomatic individuals at baseline and ≥ 5 y FU                                                                                               Mean 2.12, SD 1.05 with progression compared to mean 2.71, SD 0.99 without progression                                                                                                                                              *P* \< .05; OR 2.71; CI 1.04‐7.07                [c](#jsp21063-note-0012){ref-type="fn"}

  Recreational activities at leisure time                                Videman et al, 2008[42](#jsp21063-bib-0042){ref-type="ref"}     High                                                                         Leisure time activities with heavy physical loading (years of \>1 time/wk)                     Male monozygotic Finnish twins at baseline and 5 y FU                                                                                           Not reported                                                                                                                                                                                                                        Not provided                                     [a](#jsp21063-note-0010){ref-type="fn"}

  Videman et al, 2006[43](#jsp21063-bib-0043){ref-type="ref"}            High                                                            Leisure time activities with heavy physical loading (years of \>1 time/wk)   Male monozygotic Finnish twins at baseline and 5 y FU                                          Mean 0.3 at follow‐up compared to 0.6 at baseline                                                                                               Not provided                                                                                                                                                                                                                        [a](#jsp21063-note-0010){ref-type="fn"}          

  Resistance training                                                    Videman et al, 2008[42](#jsp21063-bib-0042){ref-type="ref"}     High                                                                         Resistance training frequency                                                                  Male monozygotic Finnish twins at baseline and 5 years FU                                                                                       Not reported                                                                                                                                                                                                                        Not provided                                     [a](#jsp21063-note-0010){ref-type="fn"}

  Videman et al, 2006[43](#jsp21063-bib-0043){ref-type="ref"}            High                                                            Resistance training frequency (frequency/week)                               Male monozygotic Finnish twins at baseline and 5 y FU                                          Mean 0.1 at follow‐up compared to 0.1 at baseline                                                                                               *P* = .039                                                                                                                                                                                                                          [b](#jsp21063-note-0011){ref-type="fn"}          

  Lifting weight                                                         Teraguchi et al, 2017[35](#jsp21063-bib-0035){ref-type="ref"}   High                                                                         Lifting loads weighting ≥10 kg \> 1/wk                                                         Volunteers from the coastal region of Wakayama with an MRI at baseline and 4 y FU                                                               162 subjects lifting weight compared to 189 subjects not lifting weight                                                                                                                                                             *P* \> .05; OR 0.91; CI 0.66‐1.26                [a](#jsp21063-note-0010){ref-type="fn"}

  Videman et al, 2008[42](#jsp21063-bib-0042){ref-type="ref"}            High                                                            Occupational lifting                                                         Male monozygotic Finnish twins at baseline and 5 years FU                                      Not reported                                                                                                                                    Not provided                                                                                                                                                                                                                        [a](#jsp21063-note-0010){ref-type="fn"}          

  Videman et al, 2006[43](#jsp21063-bib-0043){ref-type="ref"}            High                                                            Occupational lifting (1‐4 code)                                              Male monozygotic Finnish twins at baseline and 5 y FU                                          Mean 2.5 at follow‐up compared to 2.4 at baseline                                                                                               *P* = .021                                                                                                                                                                                                                          [b](#jsp21063-note-0011){ref-type="fn"}          

  American Football position                                             Nagashima et al, 2013[41](#jsp21063-bib-0041){ref-type="ref"}   Low                                                                          Position played during career                                                                  High school American Football players with an MRI at baseline and 2 y of FU                                                                     Not reported                                                                                                                                                                                                                        *P* = .006; PRC 3.47; CI 1.01‐5.93               [b](#jsp21063-note-0011){ref-type="fn"}

  American Football playing career                                       Nagashima et al, 2013[41](#jsp21063-bib-0041){ref-type="ref"}   Low                                                                          Length of playing career                                                                       High school American Football players with an MRI at baseline and 2 y of FU                                                                     Mean decrease in signal intensity of 4.30% in continuing players compared to 1.41% in noncontinuing players                                                                                                                         *P* = .12                                        [a](#jsp21063-note-0010){ref-type="fn"}

  Fast bowling                                                           Burnett et al, 1996[45](#jsp21063-bib-0045){ref-type="ref"}     High                                                                         Different techniques                                                                           Fast bowlers using the mixed bowling technique at baseline and FU compared to those who used this technique during baseline or follow‐up only   Eight fast bowlers compared to one fast bowler                                                                                                                                                                                      *P* = .015                                       [b](#jsp21063-note-0011){ref-type="fn"}
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Abbreviations: AF, annulus fibrosus; BMI, body mass index; CI, confidence interval; FU, follow‐up; OR, odds ratio; PRC, partial regression coefficient; RR, relative risk.

No association/no relationship found between prognostic factor and disk degeneration progression.

Positive association between prognostic factor and increased disk progression.

Negative association between prognostic factor and increased disk progression.

###### 

Imaging determinants as prognostic factors for progression in DD

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Imaging determinant                                                   Author, year                                                          Study quality                                                             Measurement method                                                                Study population                                                                                                                       Reported effect sizes                                                                    Statistical analysis                      Association with DD progression
  --------------------------------------------------------------------- --------------------------------------------------------------------- ------------------------------------------------------------------------- --------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------- ----------------------------------------- -----------------------------------------
  Lumbar lordosis                                                       Farshad‐Amacker et al, 2014[32](#jsp21063-bib-0032){ref-type="ref"}   Low                                                                       Mean degree of lordosis L1‐S1                                                     Patients with an MRI at baseline and 4 y FU                                                                                            Mean 43, SD 12 with progression compared to mean 49, SD 11 without progression           *P* = .017                                [a](#jsp21063-note-0014){ref-type="fn"}

  Sacral slope                                                          Farshad‐Amacker et al, 2014[33](#jsp21063-bib-0033){ref-type="ref"}   Low                                                                       Mean degree of sacral slope                                                       Patients with an MRI at baseline and 4 y FU                                                                                            Mean 39, SD 7 with progression compared to mean 41, SD 8 without progression             *P* = .11                                 [b](#jsp21063-note-0015){ref-type="fn"}

  Disc level                                                            Sharma et al, 2011[37](#jsp21063-bib-0037){ref-type="ref"}            High                                                                      Segmental disc level                                                              Patients with a MRI of the lumbar spine at baseline and FU                                                                             Sum of squares 1.58; *F* ratio 1.49                                                      *P* = .1921                               [b](#jsp21063-note-0015){ref-type="fn"}

  Degenerated discs                                                     Elfering et al, 2002[39](#jsp21063-bib-0039){ref-type="ref"}          High                                                                      Number of degenerated discs                                                       Asymptomatic individuals at baseline and ≥ 5 y FU                                                                                      Mean 1.00, SD 0.79 with progression compared to mean 0.38, SD 0.71 without progression   *P* \< .01                                [a](#jsp21063-note-0014){ref-type="fn"}

  Disc herniation                                                       Elfering et al, 2002[39](#jsp21063-bib-0039){ref-type="ref"}          High                                                                      Initial extent of disc herniation; from 1 (ie, normal) to 4 (ie, sequestration)   Asymptomatic individuals at baseline and ≥ 5 y FU                                                                                      Mean 2.06, SD 0.56 with progression compared to mean 1.63, SD 0.49 without progression   *P* \< .05; OR 12.63; CI 1.24‐128.49      [a](#jsp21063-note-0014){ref-type="fn"}

  Nagashima et al, 2013[41](#jsp21063-bib-0041){ref-type="ref"}         Low                                                                   Presence at baseline                                                      High school American Football players with an MRI at baseline and 2 y of FU       Not reported                                                                                                                           *P* = .018; PRC 4.09; CI 0.72‐7.46                                                       [a](#jsp21063-note-0014){ref-type="fn"}   

  Sharma, 2011[37](#jsp21063-bib-0037){ref-type="ref"}                  High                                                                  Presence at baseline                                                      Patients with a MRI of the lumbar spine at baseline and FU                        Sum of squares 10.108357; *F* ratio 47.5933                                                                                            *P* \< 0.0001                                                                            [a](#jsp21063-note-0014){ref-type="fn"}   

  Modic type I                                                          Kerttula et al, 2012[47](#jsp21063-bib-0047){ref-type="ref"}          High                                                                      Presence and change of M1                                                         M1 type change in the upper endplate in relation to\                                                                                   1\. 59 discs of total 270 discs\                                                         1\. *P* \< .001\                          [a](#jsp21063-note-0014){ref-type="fn"}
                                                                                                                                                                                                                                                                                                          1. the change of disc height and\                                                                                                      2. 61 of total 270 discs                                                                 2. *P* \< .001                            
                                                                                                                                                                                                                                                                                                          2. change of disc signal intensity                                                                                                                                                                                                                                        

  Scoliosis                                                             Farshad‐Amacker et al, 2017[34](#jsp21063-bib-0034){ref-type="ref"}   Low                                                                       Apex of the scoliosis                                                             Apex of scoliosis at same level                                                                                                        11% in progression compared to 4% without progression                                    *P* = .07; OR 2.97; CI 0.91‐9.58          [b](#jsp21063-note-0015){ref-type="fn"}

  Farshad‐Amacker et al, 2014[32](#jsp21063-bib-0032){ref-type="ref"}   Low                                                                   Mean degree of scoliosis                                                  Patients with an MRI at baseline and 4 y FU                                       Mean 7, SD 9 with progression compared to mean 9, SD 10 without progression                                                            *P* = .26                                                                                [b](#jsp21063-note-0015){ref-type="fn"}   

  Listhesis                                                             Farshad‐Amacker et al, 2017[34](#jsp21063-bib-0034){ref-type="ref"}   Low                                                                       Presence and level                                                                Listhesis at the same level                                                                                                            6% in progression compared to 3% without progression                                     *P* = .27; OR 2.06; CI 0.92‐9.58          [b](#jsp21063-note-0015){ref-type="fn"}

  Farshad‐Amacker et al, 2014[32](#jsp21063-bib-0032){ref-type="ref"}   Low                                                                   Yes or no                                                                 Patients with an MRI at baseline and 4 y FU                                       Thirty‐three subjects with progression compared to 14 subjects without progression                                                     *P* = .99                                                                                [b](#jsp21063-note-0015){ref-type="fn"}   

  Endplate degeneration                                                 Farshad‐Amacker et al, 2017[34](#jsp21063-bib-0034){ref-type="ref"}   Low                                                                       Endplate score for each endplate                                                  Endplate score of ≥4                                                                                                                   About 29% in progression compared to 15% without progression                             *P* = .03; OR 2.32; CI 1.07‐5.01          [a](#jsp21063-note-0014){ref-type="fn"}

  Annulus tear                                                          Farshad‐Amacker et al, 2014[32](#jsp21063-bib-0032){ref-type="ref"}   Low                                                                       Presence of hyperintense zone within the AF                                       Subjects who had a lumbar spine MRI with a previous MRI \> 4 y apart                                                                   About 25% of the case group compared to 22% of the control group                         *P* = 1.00; OR 0.86                       [b](#jsp21063-note-0015){ref-type="fn"}

  Sharma et al, 2009[36](#jsp21063-bib-0036){ref-type="ref"}            High                                                                  Presence of hyperintense signal intensity within the peripheral annulus   Patients with low back pain with an MRI at baseline and ± 2.5 y FU                Increase of 0.42 in signal‐intensity grade for discs with annular tears compared to a change of 0.15 for discs without annular tears   *P* \< .0001                                                                             [a](#jsp21063-note-0014){ref-type="fn"}   

  Radial tear                                                           Sharma et al, 2011[37](#jsp21063-bib-0037){ref-type="ref"}            High                                                                      Annular tears that appeared contiguous with the hyperintensity of the nucleus     Patients with a MRI of the lumbar spine at baseline and FU                                                                             Sum of squares 1.188153; *F* ratio 5.5942                                                *P* = .0185                               [a](#jsp21063-note-0014){ref-type="fn"}

  Schmorl nodes                                                         Nagashima et al, 2013[41](#jsp21063-bib-0041){ref-type="ref"}         Low                                                                       Presence at baseline                                                              High school American Football players with an MRI at baseline and 2 y of FU                                                            Not reported                                                                             *P* = .017; PRC\* 3.58; CI 0.66‐6.50      [a](#jsp21063-note-0014){ref-type="fn"}
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Abbreviations: AF, annulus fibrosus; BMI, body mass index; CI, 95% confidence interval; FU, follow‐up; OR, odds ratio; PRC, partial regression coefficient; RR, relative risk.

Positive association between prognostic factor and increased disk progression.

No association/no relationship found between prognostic factor and disk degeneration progression.

Negative association between prognostic factor and increased disk progression.

3.4. Best‐evidence synthesis {#jsp21063-sec-0016}
----------------------------

There was only strong evidence (consistent \[\>75%\] findings in multiple (≥ 2) high‐quality studies) found that disc herniation at baseline is associated with progression of DD at follow‐up (Table [5](#jsp21063-tbl-0005){ref-type="table"}). Both the heterogeneity between and the limited amount of the included studies resulted at best in limited evidence for most prognostic factors, thereby limiting the informative value of the best‐evidence synthesis. Limited evidence (findings in one high‐quality study or consistent \[\>75%\] findings in ≥3 low‐quality studies) was found that that heritability, genetic risk factors (ie, T‐allele IL1A rs1800587 female), fast bowling, weight lifted at work, work schedule, lack of sports activities, number of degenerated discs, presence and change of Modic type I and radial tears were, to some extent, associated with progression. There was also some inconclusive evidence (findings found in \<3 low‐quality studies) due to the low‐quality of the corresponding studies that lumbar lordosis, endplate degeneration, Schmorl nodes and the field position played in American football during high school are associated with progression. Conflicting evidence (\<75% of the studies reported consistent findings) for progression was found for overweight, resistance training, lifting weight, and annulus tears.

###### 

Best‐evidence synthesis of prognostic factors in the progression of DD

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                                                                                   Associated with progression   Associated with no progression   Not‐associated with progression
  ------------------------------------------------------------------------------------------------ ----------------------------- -------------------------------- ----------------------------------------------------------------------------------------------------------
  Strong evidence\                                                                                 Disc herniation                                                Age, gender, body weight, BMI, smoking, car driving, occupation, recreational activities at leisure time
  (Consistent (\>75%) findings in multiple (≥2) high‐quality studies)                                                                                             

  Moderate evidence\                                                                                                                                              
  (Findings in one high‐quality study and consistent (\>75%) findings in ≥2 low‐quality studies)                                                                  
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                                                                                   Insufficient evidence for association with progression                                                                                                                                                                                   Insufficient evidence for association with no progression   Insufficient evidence for no association with progression
  ------------------------------------------------------------------------------------------------ ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------- --------------------------------------------------------------------------------
  Limited evidence\                                                                                Heritability, genetic risk factors (ie, T‐allele IL1A rs1800587 female), fast bowling, weight lifted at work, work schedule, lack of sports activities, number of degenerated discs, presence and change of Modic type I, radial tears   Genetic risk factor (ie, IL6 rs1800795 genotype G/C male)   Obesity, pregnancy, DM, hypertension, back injuries, working style, disc level
  (Findings in one high‐quality study or consistent (\>75%) findings in ≥ 3 low‐quality studies)                                                                                                                                                                                                                                                                                                        

  Inconclusive evidence\                                                                           American Football position played during career, lumbar lordosis, endplate degeneration, Schmorl nodes                                                                                                                                                                                               American Football playing career, sacral slope, scoliosis, listhesis
  (Findings found in \< 3 low‐quality studies)                                                                                                                                                                                                                                                                                                                                                          

  Conflicting evidence\                                                                            Overweight, resistance training, lifting weight, annulus tear                                                                                                                                                                                                                                        
  (\<75% of the studies reported consistent findings)                                                                                                                                                                                                                                                                                                                                                   
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Strong evidence (consistent (\>75%) findings in multiple (≥ 2) high‐quality studies) was found that age, gender, body weight, BMI, smoking, car driving, occupation, and recreational activities at leisure time are not associated with progression, and there was limited evidence (findings in one high‐quality study or consistent (\>75%) findings in ≥3 low‐quality studies) that obesity, pregnancy, DM, hypertension, back injuries, working style, and disc level were not associated with progression. Inconclusive evidence (findings found in \<3 low‐quality studies) was found that American football playing career, sacral slope, scoliosis, and listhesis are not associated with progression. IL6 rs1800795 genotype G/C male was the only factor that was associated with no progression, but this can only be qualified as limited evidence as this factor was only studied in one high‐quality study.

4. DISCUSSION {#jsp21063-sec-0017}
=============

Intervertebral DD progresses over time and is hard to stop or reverse, as treatments that successfully interfere with progression are still not available. However, recent in vitro and in vivo studies on regenerative therapies for DD show some promising results,[19](#jsp21063-bib-0019){ref-type="ref"}, [20](#jsp21063-bib-0020){ref-type="ref"}, [23](#jsp21063-bib-0023){ref-type="ref"}, [24](#jsp21063-bib-0024){ref-type="ref"}, [25](#jsp21063-bib-0025){ref-type="ref"}, [48](#jsp21063-bib-0048){ref-type="ref"}, [49](#jsp21063-bib-0049){ref-type="ref"}, [50](#jsp21063-bib-0050){ref-type="ref"}, [51](#jsp21063-bib-0051){ref-type="ref"} and more insight in the factors that encourage the progression of DD may therefore provide valuable stepping stones towards personalized treatments, as we then know which patients should be targeted with these therapies. The aim of this systematic review was to identify the prognostic factors associated with progression of DD. Despite the differences between definitions and the heterogeneity in measured determinants between the studies, we provided an overview of 12 imaging and 23 clinical and environmental prognostic factors.

Strong evidence was found that the presence of disc herniation is associated with progression of DD at the same level. Disc herniation increases the mechanical stresses to the intervertebral disc as the main shock absorber, the nucleus pulposus, is pushed through the annulus, making the disc prone for the cascade of degeneration. Three studies showed that disc herniation at baseline was associated with progression of DD at follow‐up. In those studies, disc herniation was determined on MRI. Elfering et al (a high‐quality study) report that the initial extent of disc herniation (ie, protrusion or extrusion) was a significant risk factor for progression.[39](#jsp21063-bib-0039){ref-type="ref"} In this study, patients with symptomatic disc herniation that required surgery were included, although it is unclear whether these patients were operated during the follow‐up period. Nagashima et al. (ie, low‐quality study) found that a disc herniation (ie, protrusion or extrusion) evaluated at baseline on MRI significantly related to decrease in signal intensity of the nucleus pulposus 2 years later in 29 high school American Football players (*P* = .018).[41](#jsp21063-bib-0041){ref-type="ref"} Although the authors do not mention it explicitly, it seems that their study population did not suffer from any symptoms at baseline, as the study subjects were recruited from high school American Football players. It is unknown whether the American Football players diagnosed with disc herniation were put to any therapy. The study of Sharma et al found that disc herniation at the time of the initial MRI study was significantly related to nuclear degeneration at follow‐up.[37](#jsp21063-bib-0037){ref-type="ref"} Due to the retrospective design of the study, in which they searched their radiology report database without consulting the corresponding patients, it is unclear whether the patients with disc herniation on MRI were put to any medical treatment. The indication for the MRI was the only information provided, with low back pain as the most common indication (53 out of 63 patients).[37](#jsp21063-bib-0037){ref-type="ref"} They defined disc herniation as radial tears with associated contour abnormality, seen on MRI. This differs from the other two studies, just like their definition of DD. Sharma et al defined DD as grade 2 or more on the Pfirrmann classification,[37](#jsp21063-bib-0037){ref-type="ref"} whereas Elfering et al use the Pearce classification and Nagashima et al describe it as a decreased signal intensity of the nucleus pulposus compared to the signal intensity of the cerebrospinal fluid.[39](#jsp21063-bib-0039){ref-type="ref"}, [41](#jsp21063-bib-0041){ref-type="ref"} Despite these differences in definition, the results of these studies indicate that both DD and disc herniation have a synergistic effect to the cascade of DD. This might seem trivial, but the underlying pathomechanism is not cleared up yet, nor is it clear whether disc herniation is truly a causal factor of progression and even the initiation of DD, or that it is a consequence of the native, in this case presumably inferior, quality of the discs.[52](#jsp21063-bib-0052){ref-type="ref"}, [53](#jsp21063-bib-0053){ref-type="ref"} Since none of the three studies reported whether patients with disc herniation received any medical treatment, it is also unknown whether this affected the course of degeneration.

The most surprising outcome of this study is probably that strong evidence was found that age, gender, body weight, BMI, smoking, car driving, the type of occupation (ie, working as a nurse or construction carpenter) nor recreational activities at leisure time were associated with the progression of DD. This was unexpected, as several studies show that heavy physical activity or work and smoking are key factors in the onset of DD.[11](#jsp21063-bib-0011){ref-type="ref"}, [54](#jsp21063-bib-0054){ref-type="ref"}, [55](#jsp21063-bib-0055){ref-type="ref"}, [56](#jsp21063-bib-0056){ref-type="ref"} For smoking, however, there is one high‐quality study (out of five) that finds that smoking during follow‐up to a greater reduction in disc height.[42](#jsp21063-bib-0042){ref-type="ref"} This is in contrast to a study by the same authors 2 years earlier, in which they found that smoking did not have any effect on the change in degeneration.[43](#jsp21063-bib-0043){ref-type="ref"} Liuke et al found that there were no statistically significant differences in the number of discs with decreased signal intensity at baseline and follow‐up between construction carpenters, machine operators, and office workers.[40](#jsp21063-bib-0040){ref-type="ref"} These results seem to indicate that some clinical and environmental factors (eg, age, gender, body weight, and smoking) are not associated with progression of DD.

Limited evidence (findings in one high‐quality study or consistent (\>75%) findings in ≥3 low‐quality studies) was found for one genetic marker (specifically: IL6 rs1800795 genotype G/C male) to have a protective effect on progression, although the authors note in their study that correction for multiple testing weakened the associations for IL6 polymorphisms in their study.[46](#jsp21063-bib-0046){ref-type="ref"} IL6 is involved as an important cytokine in inflammatory reactions and seems to be produced at the site of lumbar disc herniation.[57](#jsp21063-bib-0057){ref-type="ref"}, [58](#jsp21063-bib-0058){ref-type="ref"} A polymorphism to this gene might therefore have a preventive effect on damage to the extracellular matrix. Since modern techniques to evaluate genetic risk factors are becoming more accessible, more of these protective factors are expected to be discovered.

The results of the present study should be interpreted with some caution and may not be directly applicable to the individual patient, as we did not include any symptoms into our inclusion criteria, resulting in an asymptomatic study population in many of the included studies. We also only included manuscripts published in English or German, and therefore might have missed some other prognostic factors. In addition, no studies were found that studied molecular biomarkers in relation to progression of DD. This is surprising, as biomarkers are subject of many studies in relation to DD,[59](#jsp21063-bib-0059){ref-type="ref"}, [60](#jsp21063-bib-0060){ref-type="ref"}, [61](#jsp21063-bib-0061){ref-type="ref"}, [62](#jsp21063-bib-0062){ref-type="ref"} but are presumably related to the onset of DD and not progression, which is beyond the scope of this review. Second, there was a high heterogeneity between studies regarding the definition of DD and its progression, which made it impossible to pool data. We were also unable to perform a quantitative analysis of the included studies, and therefore it was not possible to study the interplay and relative contribution of each prognostic factors in the progression of DD. Third, the causal relation between DD and low back pain remains disputed. We did not study the relationship of DD to the clinical presentation of patients. Although previous studies have demonstrated that degenerative disc disease is associated with low back pain,[63](#jsp21063-bib-0063){ref-type="ref"}, [64](#jsp21063-bib-0064){ref-type="ref"} more research needs to be conducted to identify how progression of DD is related to clinical course. The identification of prognostic factors for progression is crucial to establish optimal follow‐up strategies and timing for regenerative medicine. Fourth, in some studies, it appeared that the same patient population was used within different studies, such as the three papers of Farshad‐Amacker et al.[32](#jsp21063-bib-0032){ref-type="ref"}, [33](#jsp21063-bib-0033){ref-type="ref"}, [34](#jsp21063-bib-0034){ref-type="ref"} Since we present an overview of all studies that describe prognostic factors in the progression of DD, we presented these studies as three separate studies, since the outcomes would not have been affected if the results were presented in just a single study. Finally, there was conflicting evidence for overweight, resistance training, lifting weight and annulus tears, and many factors have been addressed by only one study, resulting in a high number of prognostic factors with limited evidence.

This high number of conflicting and limited evidence and the heterogeneity between the studies indicates that the current definition of DD is not on‐point and that the natural history of DD is unclear. This is also reflected by the mostly unclear definitions of progression. In most studies, it was defined as an increase in the grade of the specific grading system that was used compared to baseline, without any further description. A clear description of the studied subjects often lacked and it was sometimes unknown whether the study population suffered from symptoms or was asymptomatic. In addition, the inter‐observer reliability scores are usually reliability scores by the designers of the grading systems and not by independent and representative observers for grading DD. The reported statistic values are often concise and the effect sizes small. Subsequently, it is hard to draw firm conclusions or recommendations for clinical practice based on the outcomes of this study as it is difficult to predict which patients will reach the final stages of DD earlier than others patients, and thus, which patients should be targeted with regenerative therapies. Future research using identical determinants and outcome parameters on these factors may give a better insight in their role in the cascade of degeneration. These future studies should include a high number of patients, such as a population screening, as rapid progression of DD is probably the result of a synergistic effect between several prognostic factors, and not just one. The outcome of those studies would not only add to the understanding of the pathophysiology of DD, but also sharpen the definition of DD and its natural history, and provide valuable information for spinal phenotyping and clinical decision making. We would then know what combination of patients\' specific factors will encourage progression of DD, which will enable physicians to predict which patients with DD will most likely progress to severe degeneration. This directly contributes to personalized medicine and thus, will clarify which patients should be targeted with regenerative therapies.

5. CONCLUSION {#jsp21063-sec-0018}
=============

This review shows strong evidence that disc herniation is associated with progression in DD, while most clinical and environmental risk factors (eg, age, gender, body weight, and smoking) are not associated with progression. However, limited or conflicting evidence was found for most of the prognostic factors, due to diversity in determinants and outcome parameters between the included studies. This makes it difficult to predict any risk factors for the progression of DD and shows that the current definition of DD is not on‐point and that the natural history of DD is unclear. Future studies on these factors are recommended in order to identify the target group of patients for regenerative therapies and to sharpen the definition and natural history of DD. Future studies should use uniform definitions and well‐described and universal determinants, in order to avoid confusion and to facilitate clearer comparisons.
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